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The superconducting magnets and absorbers for MICE will be cooled using PT415
pulse tube coolers. The cooler 2™ stage will be connected to magnets and the
absorbers through a helium or hydrogen re-condensing system. It was proposed
that the coolers be connected to the magnets in such a way that the cooler can be
easily installed and removed, which permits the magnets to be shipped without the
coolers. The drop-in mode requires that the cooler 1 stage be well connected to
the magnet shields and leads through a low temperature drop demountable
connection. The results of the PT415 drop-in cooler tests are presented.

INTRODUCTION

The final stage of the Muon Ionization Cooling Experiment MICE [1] will have a have seven
superconducting magnet modules. The two spectrometer-magnet modules [2] have a uniform magnetic
field section (AB/B < 10~ over a length of 1 meter and a diameter of 0.3 meters) for analyzing particle data.
The final stage of MICE will have three magnet absorber focus coil (AFC) modules [3] for focusing the
muon beam so that ionization cooling can occur within a liquid hydrogen absorber [4] that is within the
warm bore of the focusing magnet. The final stage of MICE has two RF coupling (RFCC) modules that
contain four 201.25 MHz RF cavities [5]. The RF cavities are within the magnetic field generated by a
short 1.5-m diameter coupling solenoid [6]. The magnets in the MICE cooling channel have no iron shield
or active shield. As a result, there will be a magnetic field in the region outside of the cooling channel
magnet cryostat.

Pulse tube coolers have been selected for use on the MICE cooling channel [7]. The primary reason
for selection pulse tube coolers is that these coolers can be shielded so that they can operate in magnetic
fields [8, 9] up to 0.3 T. The coolers that have been selected for cooling the MICE magnets and hydrogen
absorbers are Cryomech PT415 coolers, which generate 1.5 W at 4.2 K while generating about 60 W of
cooling at 50 to 55 K [10] — [12]. Based on the operating data for a PT410 cooler [13] at 20 K, the second
stage of a PT415 cooler will produce from 15 to 20 watts of cooling depending on the temperature of the
first stage. The PT415 cooler has roughly the same performance at 50 Hz as it does at 60 Hz, because the
pulsing frequency is independent of the line frequency [13]. The only moving part in the cold of a typical
GM cycle pulse tube cooler is the rotary valve in the cold head. The rotary valve motor is the part of a
pulsed tube cooler that is most sensitive to magnetic field. It has been determined that a PT415 valve
motor can be shielded for magnetic up to 0.3 T [8].

The magnetic field also affects the HTS leads that go into the superconducting magnet [9], [14]. The
position of the cooler is determined by the magnetic field at the cooler and the magnetic field at the top of
the HTS leads, which are very close to the cooler first stage. As a result, of the magnetic field from the
MICE magnets, the coolers end up a long way from the magnet axis. Transport of the MICE magnets with
the coolers in place may be difficult. It is desirable for the coolers to be shipped separately from the
magnet and its cryostat. As a result, it is desirable to use drop in coolers on the MICE magnets. The use of
drop-in coolers means that the coolers can be easily changed for maintenance.
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Figure 1 shows the characteristics of a PT415 two stage pulse tube cooler [11], [15]. Figure 1 is a plot of
the second stage temperature versus the first stage temperature versus the heat input into the cooler first-
stage Q1 and the cooler second-stage Q2. The data shown with filled squares is the nominal performance
diagram for a typical PT415 cooler. The data with the filled circles is the extended measurements done at
Florida State University [11].
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Figure 1. PT-415 Cooler Operating Diagram with up to 3 W on the 2™ Stage and up to 84 W on the 1* Stage

Table 1. The Operation Performance Parameters for the Four PT415 Coolers Tested in the Drop-in Cooler Test

Cooler Q1 (W) T1 (K) Q2 (W) T2 (K)

0 29.5 0 2.50

A 0 31.8 1.5 4.15
60.0 45.0 0 2.30

59.0 45.0 1.5 3.90

0 28.0 0 2.30

B 0 28.5 1.5 4.29
42.4 42.3 0 2.35

42.4 443 1.5 4.05

0 31.8 0 2.50

0 32.2 1.5 3.95

C 48.8 45.0 0 2.55
443 45.0 1.5 3.90

0 313 0 2.86

D 0 31.8 1.5 425
42.5 41.8 0 2.78

42.5 43.2 1.5 4.15
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Table 1 shows the operating data for both stages of the four PT415 coolers that were tested. In Table 1, are
the first-stage temperature T1, the first stage heat load Q1, the second-stage temperature T2, and the
second-stage heat load Q2. Three of the four machines (coolers A, C and D) were pre-charged with helium
gas at 16.8 MPa (230 psig). The fourth machine (cooler B) was charged to 14.7 MPa (200 psig). From
Table 1, one can see that there is considerable variation from machine to machine even when they are
charged to the same pressure. For example, the performance of the first stage of cooler A seems to be very
good compared to the performance of the first-stages of the other coolers. The second-stage performance
of cooler D doesn’t appear to be as good as the performance of the other coolers. Cooler B, which was
charged at a lower charging-pressure performs better on the second-stage than cooler D.

THE FIRST DROP-IN COOLER TEST SETUP

The first test set-up is shown in Figure 2. The test set-up shown in Figure 2 was designed to do a wide
variety of tests. We had hoped to measure the cooler performance criteria similar to that done in Table 2
and Figure 1 while the space around the cooler was evacuated. Unfortunately the heat leaks appeared to be
very high because the Cernox sensors were indicating a higher than normal temperature. There was a
vacuum leak into the test volume as well. The test set-up shown in Figure 2 permitted us to test convective
cooling of the helium tank and helium liquefaction from a source of gas at room temperature.
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Figure 2. The Drop-in Cooler Test Set-up used for the First Cooler Test

As a way of characterizing the performance of the cooler, the first test was a bust. We filled the helium
space around the coolers with helium gas through the helium gas fill tube. The cooler cooled down the
helium and circulated the helium from the second-stage cold head to the bottom of the 1.8-liter helium tank.
The tankl was cooled from room temperature to about 4.3 K by free convection. This occurred even though
the Cernox sensor on the second stage read no lower than 6.5 K. The Cernox sensor on the first stage gave
us temperature readings above 38 K. After the experiment sat for some time, liquid helium began to collect
in the helium tank. The system was liquefying helium, but the liquefaction rate was low (< 0.25 L/hr).

Re-condensation was achieved during the first test, but the highest amount of heat that could be put
into the helium tank with the heater was only was about 0.6 W. After analyzing the data, it appeared that
there was a heat leak into the first stage of about 10 W. The added heating into the second stage seemed to
be between 0.9 and 1.2 W, which was 0.7 to 1.0 W higher than expected. When heat was put into the first
stage, there was still some re-condensation, but it didn’t improve very much.
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DROP-IN COOLER TEST SETUP FOR SUBSEQUENT SUCCESSFUL COOLER TESTS

The cooler test setup for subsequent successful cooler tests is shown in Figure 3. The changes from the
first cooler test setup include; a larger helium tank, a different arrangement of the helium exit and inlet
pipes around the condenser. It was thought that reduced re-condensation performance in the first test was
due to the boil off helium from the helium being mixed with warmer helium between stages. The second
test setup feed the return helium below the re-condenser. All temperatures were read using Cernox and Pt
resistor sensors on the outside of the cooler sleeve. There were no temperature sensors in the helium space,
because it was thought that this may have contributed to poor re-condensation performance is the first test.
Figure 4 shows the cooler second-stage condenser and baffles between cooler the cooler stages.
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Figure 3. The Drop-in Cooler Test Set-up used for Successful Subsequent PT415 Cooler Tests

Figure 4. First Stage Pressed Tapered Fit (left), Second Stage Condenser (right), and Baffles between the Stages
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The condenser shown in Figure 4 has a vertical surface area of 0.042 m*>. The length of the vertical section
is about 45 mm. There was some question as to whether the condenser area was adequate. When one
looks at the theory of condensation [16, 17], it is clear that the condenser area is adequate for the range of
temperatures and pressures the condenser is designed for. The shortness of the condenser is a positive
factor in its performance. More important may be where the helium gas is fed into the condenser.

SOME TEST RESULTS FOR THE DROP-IN COOLER TESTS

The first time that cooler A was run in the test setup shown in Figure 3, the results were worse than they
were when the same cooler was run in the test setup shown in Figure 2. The cooler test setup was did not
liquefy helium. Helium fed into the system from the tank did not become liquid. If one wants to liquefy
helium, one must feed the helium gas into the helium space above the first stage. None of the Cernox
thermometry read correct temperatures including the sensors that were connected directly to a tank filled
with liquid helium. During the first run of the new drop-n cooler test setup re-condensation was poor. The
experiment behaved as if the heat leak into the 4 K region was over 1.2 W. The platinum-resistance
temperature-sensors gave us reliable temperature measurements on the shield and the ring that was press
fitted to the cooler first stage. From the temperatures measured, it appeared that the heat leak to the first
stage was no more than a few watts. There were heated discussions as to whether the coolers were the
problem or whether something else was the problem. It is now believed that thermal acoustic oscillations
in the helium fill and vent pipes were the culprits. When the thermal acoustic control plugs were put into
the fill and vent pipes the performance the drop-in coolers became acceptable. Unfortunately, a number of
other changes were made in the experiment. One of the changes was the use of high-thermal-conductivity
grease in the connection between the cooler first-stage and the copper ring that is attached to the shield.

Table 2 is a summary of the results a number of the test runs that were made with the cooler test setup
shown in Figure 3 in March 2008.

Table 2. A Summary of the Results of Some of the Drop-in Cooler Tests in March 2008

Cooler Q1 (W) T1 (K) Q4 (W) T6 (K)
B 0.4 3.46 0 31.5
B 0.4 3.44 55 56.7
B 1.15 4.01 55 56.9
B 1.10 3.99 55 56.9
B 1.20 4.04 55 56.9
B 1.25 4.11 55 57.1

The coolers were tested under the following conditions: 1) All four coolers were tested with G-10 thermal
acoustic suppression plugs were in the helium vent and the helium fill line. 2) Most of the tests were run
without the shield plates shown in Figure 4. There was no difference in the cooler performance with and
without the shield plates. 3) Re-condensation was tested with heaters Q1 set at 0.5 W, 1.0 W, 1.25 W, and
1.5 W. 4) Heater Q4 was set at a range of values between 0 and 55 W. Most of the tests were done with
the heaters set at 40 W and 50 W. 5) A cold removable contact was used for three of the coolers A, C and
D. The test shown in Table 2 were the ones that were done with the conductive grease in the contact.
When the contact has grease in it, the cooler is not easily removable while cold. A fresh copper surface in
the contact region was used for two of the coolers. When the contact didn’t have grease in it, the
temperature at T6 appeared to be a little higher. 7) The liquid in the tank ranged from 10 to 17 L.

The test results can be summarized as follows: 1) All four coolers could operate with Q1 = 1.25 W at
a temperature less than 4.2 K and with Q4 at 40 W. 2) One cooler could operate with Q1 = 1.5W and Q4 at
50 to 55 W. 3) Whenever the cooler is installed with the first stage contact cold, the first stage contact had
to be pushed down slowly until the seal was achieved. 4) When Q4 was large (> 40 W) the first stage
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warmed up and the re-condensation performance was diminished. 5) When Q1 was > 1.5 W, the pressure
in the helium tank built up to 0.12 MPa and beyond. The equivalent temperature was greater than 4.43 K.
At a pressure of 0.12 MPa, the relief valve leaked and liquid was eventually boiled away. 6) As long as Q1
was less than or equal to 1.25 W and Q4 was less than or equal to 40 W there was no problem with re-
condensation with any of the four coolers. 7) When Q4 was zero, the second stage got colder and re-
condensation was was. This may not be real because of the long time constants involved within the
experiment. Having a large helium tank means that changes within the cooler experiment occur slowly.
Further cooler experiments will be run with silicon diode temperature sensors on the helium tank and the
sleeve outside of the condenser attached to the second stage. None of the Cernox sensors read correctly.

The cooler experiment demonstrated that PT415 coolers can be operated re-condensers in the drop-in
mode. As a result, the MICE tracker solenoid was assembled with three drop-in 415 coolers. The MICE
tracker solenoid has three pairs of 300 A leads in addition to a single pair of 60 A leads. The estimated heat
load on the first stage of the coolers is greater than 110 W. If the tracker magnet cryostat heat leak at 4.2 K
is less than 3.75 W, the three coolers should be able handle the load without boiling helium. This
performance had not been demonstrated at the time this paper was written.
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